We estimated nitrogen (N) use by trees of three poplar species exposed for 3 years to free air CO 2 enrichment (FACE) and determined whether the CO 2 treatment affected the future N availability of the plantation. Trees were harvested at the end of the first 3-year rotation and N concentration and content of woody tissues determined. Nitrogen uptake of fine roots and litter was measured throughout the first crop rotation. The results were related to previously published variations in soil N content during the same period. We estimated retranslocation from green leaves and processes determining N mobilization and immobilization, such as mineralization and nitrification, and N immobilization in litter and microbial biomass. In all species, elevated CO 2 concentration ([CO 2 ]) significantly increased nitrogen-use efficiency (NUE; net primary productivity per unit of annual N uptake), decreased N concentration in most plant tissues, but did not significantly change cumulative N uptake by trees over the rotation. Total soil N was depleted more in elevated [CO 2 ] than in ambient [CO 2 ], although not significantly for all soil layers. The effect of elevated [CO 2 ] was usually similar for all species, although differences among species were sometimes significant. During the first 3-year rotation, productivity of the plantation remained high in the elevated [CO 2 ] treatment. However, we observed a potential reduction in N availability in response to elevated [CO 2 ].
Introduction
Growth of trees is often largely regulated by nitrogen (N) availability. When plants are exposed to elevated atmospheric CO 2 concentration ([CO 2 ]), they often exhibit enhanced growth with increased biomass or net primary productivity (NPP), or both , Norby et al. 2005 , which, in the long-term, can lead to increased N uptake from the soil. Nitrogen and carbon (C) cycles are closely coordinated in plants, and N metabolism is regulated by signals that are derived from C metabolism (Stitt and Krapp 1999) .
Elevated [CO 2 ] usually decreases N concentrations in all plant tissues (Wong 1979 , Cotrufo et al. 1998 , Johnson 2006 , although this decrease can be the result of an increase in nonstructural carbohydrates, mainly starch, which usually increases in response to elevated [CO 2 ] (Wong 1979, Stitt and Krapp 1999) . However, in some cases, reduced N concentration may be observed in response to elevated [CO 2 ] even after correcting for increased carbohydrates (Poorter et al. 1997 , Tissue et al. 1997 . Lowered plant tissue N concentration may be caused by depletion of available N in the soil as a consequence of enhanced growth in elevated [CO 2 ] (Bazzaz 1990 ).
Short-term experiments indicate that soil N availability can decrease, increase or exhibit no significant change beneath temperate trees grown in an atmosphere with an elevated [CO 2 ] (Zak et al. 2000) . Changes in plant litter production and quality in response to elevated [CO 2 ] could alter microbial N demand and the amounts of N available for plant uptake , Chapman et al. 2005 . Microbial biomass has an important role in determining the availability of N to plants: an increase in easily degradable C may stimulate microbial activity and hence nutrient cycling. Elevated [CO 2 ] caused a 10.7% reduction in N in leaf litter at the AspenFACE site (Liu et al. 2005) , and a 7.1% reduction in leaf litter N was found in a meta-analysis across different plants . Moreover, elevated [CO 2 ] may cause a negative feedback on soil N availability through reduced litter decomposition and N mineralization (Gill et al. 2006) . Soil N depletion, which is often observed in long-term CO 2 experiments (Luo et al. 2004) , is often advocated as the reason why plants change their response to elevated [CO 2 ] over time.
An understanding of N cycling is essential to the effective management of short-rotation forestry (SRF) plantations which have been introduced with the aim of producing biomass for energy and mitigating greenhouse gases. Most frequently, nutrient cycling in an SRF system is managed to provide sustainable biomass production. Applying the right amount of fertilizer is important to minimizing production costs and limiting off-site fertilizer pollution (Heilman and Norby 1998) . Although there has been little research on longterm ecosystem-level sustainability of nutrient cycles and storage in agro-forestry systems (Isaac et al. 2005) , there are indications that the fertilizer requirements of well-established and high-yielding (> 12 Mg dry mass ha -1 year -1 ) plantations are small, about 30 kg N ha -1 year -1 , because of efficient recycling of N from litter and the relatively low nutrient content in the harvested biomass (stem) (Ericsson 1994) . But, as suggested in the cited studies, increased atmospheric [CO 2 ] can alter both N uptake by the trees and the mechanisms influencing the availability of N in the soil, adding uncertainty to estimates of N fertilization requirements.
We investigated N use by three poplar species in a short-rotation plantation (POP-EUROFACE) exposed to a [CO 2 ] of 550 ppm for three years, from planting to full canopy closure. Free air CO 2 enrichment (FACE) experiments offer the opportunity to study the effects of elevated [CO 2 ] on nutrient cycling at the ecosystem level, including long-term feedbacks (Johnson et al. 2001) . Where available, we present data about processes that may help explain previous findings and possible changes in N cycling in response to elevated [CO 2 ]. Three hypotheses were tested: (1) elevated [CO 2 ] stimulates plant productivity, leading to increased nitrogen-use efficiency (NUE) and to decreased N concentration in plant tissues; (2) soil N stocks are reduced in elevated [CO 2 ] as a result of reduced N input from litter fall; and (3) N immobilization is increased by elevated [CO 2 ], leading to decreases in available N.
Materials and methods

Experimental site
The POP-EUROFACE experimental site is located in central Italy close to Tuscania (42°37′ N, 11°51′ E, 150 m a.s.l). The 9-ha poplar plantation was established in 1999 with hardwood cuttings of Populus × euramericana at a planting density of 2 × 1 m. Six experimental plots (30 × 30 m) were selected and planted at a density of 1 × 1 m with three poplar genotypes (Scarascia Mugnozza et al. 2006 Calfapietra et al. 2001) . Three of the six experimental plots were maintained at ambient [CO 2 ] (~370 ppm) and three were maintained at elevated [CO 2 ] (~550 ppm) with the FACE technique (Miglietta et al. 2001) . Within the elevated [CO 2 ] plots, mean [CO 2 ] was 544 ± 48, 532 ± 83 and 554 ± 95 ppm during the three consecutive years of the study. Because the plantation was established on a former agricultural field, the soil nutrient availability at the beginning of the experiment was high (Table 1). The upper 20 cm of the topsoil had a silt loam texture and a pH (KCl) of 5.04 (mean for all the plots); the bulk density was 1.34 g cm -3 . Further information on soil properties has been described by Hoosbeek et al. (2004) .
Plant nitrogen assessments
The plantation was harvested at the end of the first 3-year rotation (i.e., at the end of the third growing season) in November and December 2001 . Four trees per species per plot were selected, representing the size variability of the population. Half of the harvested trees, two per species per plot, were selected for belowground assessment by excavating a 1 × 1 m area of soil up to 70-80 cm in depth. All woody components were oven dried for 5 days at 70°C and weighed. The woody components were classified into: (1) three stem portions corresponding to the three annual height growth increments (HGI); (2) sylleptic branches (developed from axillary buds not undergoing a winter rest period); (3) proleptic branches (developed from buds that have undergone a winter rest period); (4) stump (the portion of the stem standing below ground from which the main roots originated); and (5) coarse roots (all roots with diameter > 2 mm). A 5-cm-long stem section was collected from each harvested sample and, after bark removal, ground to a fine powder for C and N assessments with a CHN elemental analyzer (NA1500, Carlo Erba Instruments, Rodano, Italy).
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TREE PHYSIOLOGY VOLUME 27, 2007 Canopy N content was determined in August of the third year, at the time of peak leaf area index (LAI). Calculations were made for all species based on total LAI, LAI in each 1-m height interval of the canopy and vertical profiles of leaf N content and specific leaf area (SLA) as reported by .
During the second and the third growing seasons, litter production was monitored with leaf litter traps (Cotrufo et al. 2005) . Litter production of the first year was estimated for each canopy sector by multiplying the peak values of LAI by the mean SLA of the canopy. On a monthly basis and for each year, N concentration was determined on a subsample of leaf litter analyzed independently with a CHN elemental analyzer. Annual N input to soil via litter fall was calculated for the three growing seasons as the sum of each periodic collection of litter multiplied by the corresponding N concentration.
Fine root biomass was sampled throughout the first rotation cycle and in February 2002, shortly after harvesting of the plantation. Auger coring was carried out with an 8-cm-diameter corer at depths of 0-20 and 20-40 cm. Fine roots were washed free of soil, dried at 60°C for 5 days and weighed. Fine root N concentration was determined as for the woody components.
Nitrogen uptake, as defined by Cole and Rapp (1981) , was calculated as described by Johnson et al. (2004) . By assuming that fine root N is not resorbed into perennial tissue before root death (Nambiar and Fife 1991) , annual N uptake was calculated for the whole plant as the sum of N content of annual woody increment (stem, branches, stump and coarse roots), annual fine root production and annual litter fall. Nitrogen pools for the different tissues were calculated at the end of the first rotation by summing the N contents of the annual increments.
The foliar leaching component (throughfall minus deposition) was negligible relative to the quantity of N cycling between the plant and the soil. It is usually considered to be less than 1% of the total annual N uptake in deciduous trees (Aerts and Chapin 2000) . As reported in a previous paper, the presence of insects and herbivores was insignificant .
Nitrogen-use efficiency
Nitrogen-use efficiency (NUE) was calculated for both the second and the third growing seasons of the first crop rotation by dividing annual net primary productivity (NPP) by annual N uptake of the whole plant (Berendse and Aerts 1987) . As reported by Berendse and Arts (1987) , NUE comprised two components: N productivity (A N ) and mean residence time (MRT):
Peak N content of the whole tree was calculated as the sum of N in standing wood, N in leaves at peak canopy mass and N in fine roots at peak fine root standing crop.
Soil nitrogen
Estimates of total soil N stocks are derived from Hoosbeek et al. (2004) and are reported here to provide a comprehensive picture of the N pools at the ecosystem level.
Nitrogen dynamics
Mean N content for the canopy was estimated in August of the third year as explained previously. The leaf biomass of the trees in August represented about 75% of the mean total leaf biomass produced across treatments and species during the third year. Total N contained in the green canopy in August was estimated per square meter of ground. The mean value of N concentration of leaf litter samples collected from September onwards was used to estimate N retranslocation, taking into account that green leaves standing in August started to senesce and fall in September.
Retranslocation efficiency (RE) was calculated as (Wang et al. 2003) :
where [N canopy ] is the nitrogen concentration in green canopy and [N litter ] is the nitrogen concentration in leaf litter. This estimate may be biased because of mass loss during senescence (van Heerwaarden and Aerts 2003) . The pool of N retranslocated from the green canopy was estimated from the total standing biomass of green leaves in August of the third year and RE for each species and treatment. Net N mineralization and nitrification were measured according to Eno (1960) during the second cycle. Two adjacent soil cores (10 cm in diameter and 20 cm in depth) were collected in June and October of the third year (data of the campaigns were averaged) for each species in each plot. The first core (initial content) was transported to the laboratory within 6 h of collection, sieved and nitrate and ammonium contents measured as described by Cataldo et al. (1975) and Anderson and Ingram (1993) , respectively. The second core (final content) was placed in a polyethylene plastic bag to avoid water entry and incubated in situ in the field for 1 month. After 1 month it was removed from the field and treated in the same way as the first core. Net N mineralization and net nitrification were calculated as the difference between final and initial contents of ammonium plus nitrate and only nitrate, respectively. The values in June and October were averaged to represent field conditions, thus including the two seasons that most influence soil microbial activity in the plantation. In the field, soil water content ranged from 20 to 29% in June and from 32 to 40% in October, with the highest values recorded at the end of the month (Probe TDR-TRIME; IMKO Micromodultechnik GmbH, Ettlingen, Germany; 15-cm depth). Soil temperature ranged from 18 to 23°C in June and from 14 to 16°C in October (EGM-4; PP-Systems, Hertfordshire, U.K.).
Litter decomposition was studied by the litterbag technique (Cotrufo et al. 2005 Litter N immobilization was calculated as the difference between the N content in litterbags at the beginning and at the end of 250 days of incubation. Extrapolation of N dynamics to the plot scale was obtained by normalizing the net change in N content per bag to grams of litter and multiplying it by total litter production. Thus, positive values indicate a net microbial uptake of N from the soil to the litter layer, whereas negative values show net mineralization from the decomposing leaf litter.
To provide information on the possible mechanisms of immobilization of N in ambient and elevated [CO 2 ], nitrogen in microbial biomass was estimated during the second crop rotation by averaging the campaigns in June and October. Quantification of microbial biomass was provided by Moscatelli et al. (2005) following the fumigation extraction (FE) method (Vance et al. 1987) . Microbial biomass N (MBN) was determined as ninhydrin-reactive N in 0.5 M K 2 SO 4 soil extracts (fumigated and non-fumigated) according to Joergensen and Brookes (1990) .
Statistical analysis
Analysis of variance (ANOVA) was carried out to evaluate the main effects of elevated [CO 2 ], species and their interaction on N pools and dynamics with a randomized complete-block design with treatment, species and treatment × species interaction as fixed factors and block as a random factor. Data were first tested for normality by the Shapiro-Wilk statistic. Plot (3 ambient CO 2 plots and 3 elevated CO 2 plots) was the unit of replication. Where the ANOVA F test indicated an interaction between treatment and species, an a posteriori comparison of means was performed. Bonferroni's method was used for multiple comparisons. Differences between means were considered significant at P < 0.05. The elevated [CO 2 ] effect was presented as an elevated [CO 2 ]:ambient [CO 2 ] (E:A) ratio.
Results
Plant N assessments
For the aboveground components, elevated [CO 2 ] caused a decrease in N concentration in the lower part of the stem (HGI 1 and 2), proleptic branches, leaves and leaf litter (Table 2) . Nitrogen concentration was higher in branches than in stems and increased acropetally. For the belowground components, the E:A ratio ranged from 0.40 to 0.91, depending on species and component. However, the CO 2 effect was statistically significant only for the stump (Table 2) . For coarse roots, the a posteriori comparison revealed a significant CO 2 effect for P. nigra. Nitrogen concentration decreased from fine roots to coarse roots to stumps.
Total-plant N pool at the end of the first crop rotation ranged from about 53 to about 77 g m -2 , depending on species and treatment (Figure 1 ). Total-plant N pool differed significantly among species, mainly because of differences in overall biomass, although no significant effect of elevated [CO 2 ] was observed. Populus nigra had the highest (77 g m -2 in elevated [CO 2 ]) and P. alba the lowest (53 g m -2 in both CO 2 treatments) total-plant N pool values. Nitrogen was stored mainly in the stems, but leaf litter and branches represented important N pools for all three species. Elevated [CO 2 ] had no effect on most plant N pools. However, elevated [CO 2 ] significantly increased the branch N pool and decreased the leaf litter N pool. The relationship between N content of leaf litter in ambient and elevated [CO 2 ] (Figure 2 ) revealed that the slope was significantly different from 1, indicating that the differences between treatments increased with the increase in N content in litter fall between the second and third year.
The coarse root N pool decreased considerably in response to elevated [CO 2 ] (E:A = 0.45) for P. nigra (P = 0.03 in the a posteriori comparison). Fine roots N pool did not differ significantly between CO 2 treatments, whereas the species effect 1156 CALFAPIETRA ET AL.
TREE PHYSIOLOGY VOLUME 27, 2007 Table 2 . Nitrogen concentration (% dry mass) in plant tissues of three Populus species after 3 years in ambient (~370 ppm) or elevated (~550 ppm) CO 2 concentration. Values represent means (± SE) with n = 3 plots. The P values of the ANOVA F test of the effects of CO 2 treatment (C), species (S) and their interaction (C × S) are indicated. Stem HGI 1, 2 and 3 denote the stem height growth increment in years 1, 2 and 3, respectively. Figure 1 . Mean values (± SE) of N pools (g N m -2 ) of three Populus species in ambient and elevated CO 2 concentration at the end of the first 3-year rotation. Total refers to the total-plant N pool at the end of the first rotation. Soil data are from Hoosbeek et al. (2004) and represent the change in total soil N from the beginning to the end of the first crop rotation in the 0-10, 10-20 and 20-30-cm layers. The P values of the ANOVA F test of the effects of CO 2 treatment, species and their interaction are indicated. Significant effects are indicated in bold. The difference in size between the ambient and elevated CO 2 treatments is indicative of the stand differences at the end of the first crop rotation. was significant, with P. × euramericana having the highest values (mean of 7 g m -2 for the two treatments) and P. alba the lowest value of 5 g m -2 .
Nitrogen-use efficiency
Trees grown in elevated [CO 2 ] showed a significant increase in NUE compared with trees grown in ambient [CO 2 ], after both 2 and 3 years of exposure ( Figure 3 , Table 3 ). The stimulation by elevated [CO 2 ] was similar for all species after the second year (E:A = 1.24) whereas it was higher in P. alba (E:A = 1.29) and lower in P. × euramericana (E:A = 1.15) after the third year. Nitrogen productivity was highly stimulated by elevated [CO 2 ] (Figure 4a , Table 3 ). The relationship between NPP and peak N content (Figure 4b ), the two components of A N , showed no change with the increase in peak N content or NPP in either treatment. Mean values of A N and MRT across the two years are presented in Figures 4a and 4c . Analysis of covariance of the relationships shown in Figure 4b indicated that neither the intercept nor the slope differed significantly among species or between treatments. Mean residence time did not differ between treatments, but the species effect was strong ( Figure 4c , Table 3 ).
Nitrogen dynamics
Retranslocation efficiency, the percentage of N retranslocated from green leaves to woody tissues before abscission, did not change significantly in response to elevated [CO 2 ] (P = 0.07). (Table 2) , no significant differences were observed in net N uptake between ambient and elevated [CO 2 ], even in the a posteriori comparison. 1158 CALFAPIETRA ET AL.
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Discussion
Elevated [CO 2 ] significantly increased NUE in all species in both the second and the third years despite large differences in productivity. Stitt and Krapp (1999) reported that elevated [CO 2 ] increased NUE in several studies, but most of these studies were carried out with time or space limitations. Increased NUE by Pinus taeda in elevated [CO 2 ] was found by the Duke FACE experiment in two of four years (Finzi et al. 2002) , although not in the ORNL FACE experiment on Liquidambar styraciflua L. (Norby and Iversen 2006) . We observed that elevated [CO 2 ] increased the biomass of most plant components , Cotrufo et al. 2005 but decreased their N concentration. As a result, no major differences were observed in the total-plant N pool between elevated and ambient [CO 2 ] treatments during the first crop rotation. This finding does not support the hypothesis that additional N would be required to maintain increased carbon uptake (Strain and Bazzaz 1983 , Oren et al. 2001 , Hungate et al. 2003 , Luo et al. 2006 or that N fertilization would be necessary for SRF plantations (Heilman and Norby 1998) 
The total-plant N pool during the first cycle was quite high compared with other similar SRF poplar plantations. In an experiment with different clones, the N pools of stem and branches over a 3-4 year crop rotation ranged between 95 and 420 kg N ha -1 , but the high values were observed in only a few hybrid clones (Heilman and Stettler 1986) . In our experiment, N pools of stem and branches over 3 years ranged between 280 and 440 kg N ha -1 and were increased by elevated [CO 2 ] as a result of a significant treatment effect on branches (from 310 to 470 kg N ha -1 ). The N pool in the branches differed among species, suggesting that the decision to remove only the stem or both stem and branches at harvest can influence N cycling and should be evaluated based on the species under consideration. In all species, the amount of N in leaf litter always represented a large component (22 to 35% of the total-plant N depending on the species), indicating that a summer harvest should not be carried out because it would interrupt the cycling of N to the soil.
Given the large amounts of N removed from the soil, we predict an even stronger depletion of N from soil over the following cycles. Therefore, we hypothesize that P. alba will perform best in the long term because it showed a relatively small uptake of N and higher NUE compared with the other species in the first crop rotation. This hypothesis is supported by data on biomass production during the second crop rotation showing P. alba (the least productive species in the first rotation) having similar or higher biomass production compared with the other species (Liberloo et al. 2006) .
The increase in NUE in response to elevated [CO 2 ] was associated with a strong stimulation of A N rather than to a change in MRT. No differences among species were observed in plots of NPP versus peak N content, and the treatment differences in the fit were not statistically significant, suggesting that the relationship is conserved across species and years with different productivities. In summary, the increase in NUE in response to elevated [CO 2 ] was driven mainly by the decrease in N tissue concentration rather than by a change in tissue lifespan.
A decrease in N concentration was observed in response to elevated [CO 2 ] in most plant tissues and in all study species, although in some instances the treatment effect was not statistically significant. The overall mean ratio of elevated over ambient [CO 2 ] conditions for N concentration in different plant tissues of the study species was 0.81, which agrees with the value by Cotrufo et al. (1998) (Stitt and Krapp 1999) , this decrease in N concentration could induce a decrease of photosynthetic capacity (cf. Stitt and Krapp 1999) because much of the leaf N is accumulated in Rubisco (Cooke and Weih 2005) . However, we should take into account that elevated [CO 2 ] frequently induces a change in specific leaf area , thus reducing or cancelling the differences in leafarea-based N concentration, the most common unit for photosynthetic assessments. No differences between treatments were observed in our experiment in leaf-area-based N concentration or in the maximum carboxylation rate of Rubisco (V cmax ) , which is in agreement with the conclusion reached by Ellsworth et al. (2004) . This suggests that the increase in A N by elevated [CO 2 ] observed at our site can be explained by an effect of elevated [CO 2 ] on photosynthetic NUE, which is primarily a function of an increased substrate (CO 2 ) supply for photosynthesis rather than a change in N metabolism (Sholtis et al. 2004 ).
Nitrogen cycling includes a complex series of processes that remain largely unknown, thus increasing the uncertainties in estimating the effects of elevated [CO 2 ] on N use (Johnson and Ball 1996) . Nitrogen uptake by trees is separated into a longlived component (woody tissues) and a fast-turnover component (leaves and fine roots). Because of the rapid decomposition of leaves and fine roots, N in the fast-turnover component becomes available for plant uptake relatively soon after decomposition and subsequent mineralization of organic N. In our experiment, the amount of N from leaf litter was considerably higher in ambient [CO 2 ] than in elevated [CO 2 ]. This might explain the observed increases in the total N pool in the top soil layer in ambient [CO 2 ], whereas in all other soil layers, in both CO 2 treatments, total N decreased throughout the experiment, with the greatest declines observed in elevated [CO 2 ]. Preliminary data on N 2 O emissions from soil indicate that these emissions are too small to influence the variations in soil N (Castaldi, Second University of Naples, pers. comm.). Also, N deposition in this area was considerably below the mean values for European regions (Mosello et al. 2002) and was not considered in our analysis.
Our data suggest that elevated [CO 2 ] had a negative effect on net nitrification and net N mineralization rates for P. alba and 1160 CALFAPIETRA ET AL.
TREE PHYSIOLOGY VOLUME 27, 2007 P. × euramericana, but the overall treatment effect was not significant. However, real differences may have been undetectable because of the great variability among plots and the limited number of replicates (three plots). A significant decline in nitrification rate in elevated [CO 2 ] was found by Ambus and Robertson (1999) in Populus. This could partly explain the large decrease in soil nitrate in elevated [CO 2 ] during the third year, the most productive year of the first crop rotation (Moscatelli et al. 2005) . The conversion of inorganic N (NO 3 -and NH 4 + ) into organic forms (amino acids and proteins), mediated by microrganisms that decompose carbonaceous organic residues in the soil, usually requires more N than is contained in the residues. Nitrogen immobilized in microbial cells in the short-term can later either be converted into forms that make up the humus complex, thus leading to long-term immobilization, or released as NO 3 -or NH 4 + (Brady and Weil 2002) . The immobilization of N in the soil microbial biomass was unaffected by the CO 2 treatments, which is in agreement with the findings of Holmes et al. (2003) at the Aspen FACE site and of Finzi et al. (2006) at the Duke FACE site. However, this finding could be an indication that there is still a strong influence of the native pool of soil organic matter on microbial activity, because Van Groenigen et al. (2006) showed that microbial N immobilization is the main mechanism involved in N retention in soils in elevated [CO 2 ], especially when nutrients become limiting.
Mineralization and immobilization processes occur simultaneously in soil. The balance between the two processes can be shifted by several factors, including the quality of the substrates. The observed increase in the C:N ratio of litter (Cotrufo et al. 2005 ) and labile soil organic matter (Lagomarsino et al. 2006 ) in response to elevated [CO 2 ] was predicted to induce a negative trend in N mineralization.
In mature forests, > 80% of annual tree N uptake is recycled (Cole and Rapp 1981) . It has been calculated that, in the first season of growth, 50% or more of the total N in a Populus tree is in the green canopy; a significant amount of N is subsequently retranslocated from the canopy to the perennial tissues before leaf fall (Cooke et al. 2003) . We observed a trend of increased retranslocation efficiency in elevated [CO 2 ] (P = 0.07) for all species, thus leading to an increase of the long-term storage of N (wood) versus its fast turnover (leaf litter). This finding is in agreement with other studies, where elevated [CO 2 ] slightly increased N resorption efficiency from the green canopy (Norby et al. 2000 , Finzi et al. 2001 ). This effect became more significant when it ameliorated the negative effects of O 3 exposure (Lindroth et al. 2001) .
It appeared that the elevated [CO 2 ] treatment affected the decay rate of leaf litter in two opposing ways, at least during the first stage of litter decay. Litter produced in elevated [CO 2 ] decomposed more slowly than litter produced in ambient [CO 2 ], regardless of where the litter was incubated, and leaf litter incubated in elevated [CO 2 ] decomposed faster than leaf litter incubated in ambient [CO 2 ], regardless of the origin of the litter (Cotrufo et al. 2005) . Despite its lower N concentration, litter grown in elevated [CO 2 ] did not immobilize N differently from litter grown in ambient [CO 2 ].
In conclusion, although elevated [CO 2 ] increased productivity of poplar trees, it had no effect on N uptake. As a consequence, NUE increased in trees in the elevated [CO 2 ] treatment, thus negating the idea that additional N is required to maintain increased carbon uptake in an elevated [CO 2 ] atmosphere in short-rotation poplar plantations. However, a greater decrease in soil N concentration was observed at the end of the first crop rotation in the elevated [CO 2 ] treatment than in the ambient [CO 2 ] treatment, probably because of decreased N input by leaf litter. Moreover, we observed a trend, although not significant, of decreased N mobilization in elevated [CO 2 ]. In the following rotations, we will be able to verify if these processes are exacerbated over longer time periods under elevated [CO 2 ] and determine if the future productivity of such plantations could be compromised by increasing atmospheric [CO 2 ].
